Abstract. During solidification of metallic alloys, coalescence corresponds to the formation of solid bridges between grains when both solid and liquid phases are percolated. As such, it represents a key transition with respect to the mechanical behaviour of solidifying alloys and to the prediction of solidification cracking. Coalescence starts at the coherency point when the grains begin to touch each other, but are unable to sustain any tensile loads. It ends up at the rigidity temperature when the solid phase is sufficiently coalesced to transmit macroscopic tensile strains and stresses. This temperature, also called mechanical or tensile coherency temperature, is a major input parameter in numerical modelling of solidification processes as it defines the point at which thermally induced deformations start to generate internal stresses in a casting. The rigidity temperature has been determined in Al Zn alloys using in situ X-ray diffraction (XRD) during casting in a dog bone shaped mould. This set-up allows the sample to build up internal stress naturally as its contraction is prevented. The cooling on both extremities of the mould induces a hot spot at the middle of the sample which is irradiated by X-rays. Diffraction patterns were recorded every 0.5 s using a detector covering a 426 x 426 mm 2 area. The change of diffraction angles allowed us to observe agglomeration/decohesion of growing grain clusters and to determine a solid volume fraction at rigidity around 98 % depending on solidification time for grain refined Al 6.2 wt% Zn alloys.
Introduction
Coalescence corresponds to the formation of solid bridges between grains when both solid and liquid phases are percolated [1] . As such, it represents a key transition in the solidification of metallic alloys. Coalescence starts at the coherency point when the grains begin to touch each other, but are unable to sustain any tensile loads. Rappaz et al. [2] have used the concept of disjoining-pressure used in fluid dynamics to establish a theoretical framework for the coalescence of primary phase dendritic arms within a single grain or at grain boundaries. The authors have shown that for pure substances, approaching planar liquid/solid interfaces coalesce to a grain boundary at an undercooling ∆T b that is proportional to the difference between the grain boundary energy and two times the solid/liquid interfacial energy [2] . The latter quantity depends on the grain misorientation. When it is positive, the two liquid/solid interfaces are "repulsive." In this case, a stable liquid film between adjacent dendrite arms located across such grain boundaries can remain until the undercooling exceeds ∆T b .
For alloys, coalescence is also influenced by the concentration of solute elements in the liquid films [2] . The temperature and concentration of the liquid films must reach a coalescence line parallel to, but ∆T b below, the liquidus line before coalescence can occur.
At the macroscopic level, i.e., at the level of many randomly oriented grains, coalescence must be considered as a transition taking place between coherency (first contact between the grains) and rigidity (ability to transmit tensile strains and stresses). If coalescence between some grains is slowed down, i.e., finishes at lower temperatures, the mushy structure becomes particularly sensitive to hot tearing or solidification cracking [3] . This defect is a spontaneous failure of semi-solid metallic alloys that results in an intergranular fracture profile. It forms during casting near the end of solidification where straining becomes localized and local liquid permeability is very low. Coalescence ends at the rigidity point when the structure is able to sustain substantial tensile strains and stresses, i.e., when the solid phase is sufficiently percolated. The rigidity temperature is important as it determines the very instant macroscopic stresses start to build up owing to thermally induced deformations [4] . It is an important input data for numerical modeling of as-cast residual stresses in billets and rolling sheet ingots as it dictates the temperature below which thermal strains start to occur.
The mechanical behavior of alloys in the mushy state has recently been intensively studied using X-ray microtomography [5] [6] [7] [8] [9] [10] [11] . In one study, in situ tensile test experiments were performed by Terzi et al. [5, 6] on Al-Cu alloys in the mushy state at the European Synchrotron Radiation Facility (ESRF). The major drawbacks of such in situ tensile tests are that they are carried out in isothermal conditions, and not during rapid cooling, since the time resolution for X-ray micro tomography imaging is often limited [7] . Moreover, the exact mechanical loading within the material is not known as the deformation, localized in the hottest part of the specimen, is not measured. These tests are presently limited to Al-Cu alloys [8] in order to get a good contrast between the liquid and solid phases, and the alloy is tested after heating to the correct temperature within the solidification interval and not during solidification from the fully liquid state. The last point is particularly detrimental as solidifying microstructures are different from those obtained after heating owing to dendrite coarsening and redistribution of solute elements [9] .
In situ studies of stress accumulation in solidifying metals are rather limited although many stress measurements have been carried out post mortem. Drezet et al. have used neutron diffraction to measure post mortem internal stresses in as-cast billet [12] and ingots [13] and as-quenched thick plates [14] and forgings [15] . With these studies, neutron diffraction at high flux sources appeared to be particularly well suited for stress measurements in aluminum alloys as this metal is very transparent to neutrons. Neutrons were then used to determine in situ the very moment when macroscopic strains and stresses appear in the mushy alloy [16] . As one diffraction peak was recorded only every 11 s, the cooling rate was reduced and rigidity temperatures were measured in grain refined Al-Cu alloys. The hot tearing tendency was linked with the rigidity temperature, the cooling rate and the degree of grain refinement.
In the present study, X-ray diffraction has been performed in situ during solidification with a higher time resolution at the I12 high-energy beamline at the Diamond Light Source, UK [17] . Rigidity temperature has been measured in Al-Zn alloys under various cooling regimes in a dog bone shaped mould similarly to the neutron experiments, where solidification and tensile straining are concomitant. Al Zn alloys are particularly interesting as they are the base of the 7xxx aluminium alloys series. Those alloys are known to be very sensitive to hot cracking [18] owing to their long freezing range.
In situ X-ray diffraction during casting

Materials and castings
Al-5 wt% Zn alloys were prepared by melting high purity aluminium and pure zinc in a stainless steel crucible at 720 °C. The alloys were then grain refined with 0.4 wt% Al-TiB 2 master alloy. The casting into a dog bone shape mould with water-cooled extremities and subsequent solidification was carried out in sync with the in-situ acquisition of X-ray diffraction patterns. The mould, shown in Figure 1 , is usually used to study the hot tearing susceptibility of new alloys. A hot spot forms at the center of the casting and its axial contraction is prevented by the steel central part. The thermal contraction of the solidifying material is constrained and stresses developing at the hot spot may lead to hot cracking. The major advantage of this configuration is that solidification and tensile straining are concomitant. The amount of straining on the hot spot is controlled by modulating cooling of the mould extremities, by preheating the mould with electric heating elements and by changing the length of the central part of the mould, i.e. by changing the amount of straining that is localized at the hot spot [16] . 
in situ X-ray diffraction
In order to measure the accumulation of elastic strain and thus of stress during casting, the lattice spacing was measured in situ at the hot spot location using X-ray diffraction. Small conical holes were machined in the steel mould to provide unimpeded access to the sample for the X-ray beam. Insulating alumina muffles were used to plug these holes to avoid any liquid metal leakage. As shown in fig.1 right, the crucible was mounted on a tilting support, in order to control the pouring remotely by a pneumatic pusher. This allowed us to synchronize the onset of the acquisition of diffraction data precisely with the process of pouring.
Six type K thermocouples arrayed along the sample axis within the casting allowed linking the temperature within the gauge volume with the formation and shift of the diffraction peaks during solidification. Precisely, one ϕ=0.5 mm thermocouple was partially in the gauge volume. The monochromatic 60.07 keV X-ray diffraction patterns were acquired using a 2D flat panel detector covering a 426 x 426 mm 2 area. The pixel size was 148 µm in each direction, and the sample-to-detector distance was 1299 mm, measured from the middle of the sample. The beam size was 0.5 x 0.5 mm and the sample thickness was 7.5 mm in the gauge volume in order to minimize ring broadening. The acquisition of both temperature and diffraction patterns was synchronized and recorded at a continuous acquisition rate of 2 Hz.
Results
Al-Zn castings, microstructure and solidification path
Three dog bone (DB) shaped samples of identical length have been casted. In the following they are referred to as DB1, DB2 and DB3. No cracks were visible on sample DB2 and small hot tears were visible at the surface of samples DB1 and DB3. Sample DB3 presented a crack at the location of the central thermocouple as shown in figure 2 . Thermocouples are known to promote initiating hot tears [1] . Dye penetrant tests conducted after the in-situ diffraction experiment revealed that all three samples contained tiny hot tears at their surface. Figure 4 shows the temperature recorded at the hot spot location for the three castings. The liquid metal temperature varied from 690 °C to 755 °C and the initial mould temperature from 440 °C to 540 °C, thus giving different cooling's. Two samples, DB 1 and 3 exhibit a similar cooling path with whereas sample DB 2 solidifies much slowly. As soon as the alloy starts to solidify, latent heat is released and the temperature exhibits a plateau. This allows reading liquidus temperatures for the three castings around 650°C ± 0.5°C indicating a Zn content of 6.2 wt % according to the Al-Zn phase diagram. Samples were prepared with 5 wt % of Zn and this discrepancy is explained from macrosegregation taking place at the length scale of the casting Indeed, during casting solute cumulates ahead the two solidification fronts advancing from both mould extremities enriching the liquid at the hot spot. Solidification times for the transition from liquidus and eutectic are comparable for samples DB1 and DB3 (76 s and 97 s) but are much longer for DB2 (373 s). This is attributed to the lower initial mould temperature for these two castings (480°C and 468°C) compared to sample Advanced Materials Research Vols. 1120-1121DB2 (540°C). The average cooling rate experienced by each sample is calculated as the ratio between non equilibrium solidification interval, 269°C, and the corresponding solidification time. In samples DB1 and DB3 the cooling rate is rather close to -3 K/s whereas sample DB2 exhibits an average cooling rate of -0.7 K/s.
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Temperature measurements and solidification path
Figure 4:
Temperature versus time at the hot spot for the three samples. The temperature evolution of the sample during solidification is used to calculate the volume fraction of solid, g s , during solidification. To do so, the thermodynamic phase diagram of the binary system Al Zn is required. Figure 5 shows this phase diagram [19] . The eutectic temperature is 381°C with a Zn content of 95 wt % in the liquid phase. As the partition coefficient which is the ratio of the concentration at liquidus and solidus is not constant during solidification, a special integration is carried out to calculate the solidification path, i.e. the solid fraction versus temperature [20] . The assumptions of the Scheil Gulliver approach are considered, i.e. solute concentration at the solid liquid interface is given by the equilibrium phase diagram, no solute diffusion occurs in the solid phase and perfect solute mixing exists in the liquid phase [1] . Figure 5 shows the calculated solid fraction versus temperature for the Al-Zn 6.2 wt pct. Solidification starts at 650°C and ends up at 381°C with a very small fraction of eutectic, 0.15 %. It should be noticed that g s increases very rapidly at the beginning of solidification and reaches 90% at 634°C. Then solidification proceeds very slowly to finally finish at the eutectic temperature. This part of the curve is crucial to determine the solid fraction at rigidity. 
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Diffraction patterns
All diffraction patterns were integrated using DAWN software to reduce them to 1D patterns, and TOPAS Academic © to retrieve the lattice parameter, using CeO 2 powder as a calibration sample. This reduction to 1-dimensional data is justified for samples exhibiting isotropic strain, as is the case here. The lattice parameter of FCC aluminium solid solution at the hot spot located in the gauge volume was extracted. The high temporal resolution allowed us to obtain a sufficient number of diffraction patterns during solidification. The small beam size and small sample thickness allowed us to obtain very clean diffraction patterns leading to weighted profile R-factor (Rwp) in the order of 15 % using LeBail fit [21] and thus small error bars. With an average grain size of 120 µm and a gauge volume of 0.5 x 0.5 x 7.5 mm 3 , the number of irradiated grains is approximately 2'000 thus providing good statistics. Figure 6 shows the evolution of the lattice parameter and temperature for the three Al Zn castings as a function of time. Time is put to zero as soon as the alloy reaches the liquidus temperature. In all three samples, first diffraction patterns are detected as soon as the liquidus temperature is reached. The lattice parameter exhibits first erratic evolution as grains are free to rotate and thus lose Bragg diffraction conditions. As temperature decreases and solid fraction gets close to 0.9, the lattice parameter exhibits some peaks in all samples. Each of those peaks is well defined by many diffraction points. They are associated with the formation and coalescence of grain clusters as reported by Vernède et al. [22] and Sistaninia et al. [23] . As soon as those grain clusters tend to weld together, macroscopic tensile strain develops and leads to the formation of microcracks as shown in figure 3. Stresses and strains are then relaxed and the lattice parameter continues to decrease until the next grain cluster agglomeration/decohesion occurs.
In sample DB2 which exhibited a longer solidification time (cf. fig. 4 ) and thus a lower cooling rate, the decrease of the lattice parameter is much smoother. Still some small peaks are visible, e.g. at 540°C. In that sample, more time is provided for the grain clusters to coalesce during solidification but grain cluster agglomeration/decohesion is still noticeable through small and localized cell parameter peaks. Figure 7 presents the evolution of the lattice parameter and solid volume fraction as a function of temperature for all three Al Zn castings. Rigidity temperature is determined as the temperature when the lattice parameter starts to deviate from its linear decrease associated with thermal contraction. This happens at relatively high solid volume fractions where the solute contribution to the lattice parameter is not longer important [20] . Rigidity temperature and volume fraction are schematically represented by vertical lines. In sample DB2, the rigidity temperature is 589°C ± 4 °C and corresponds to a solid volume fraction of 97.4 %. For both other samples, rigidity takes place later at temperatures of 561°C ±5 °C corresponding to a solid volume fraction around 98.4%.
Experimental findings for each casting are gathered in Table 1 . The lower rigidity temperature found in samples DB1 and DB3 is explained by the lower solidification time, 76 s and 97 s compared to 363 s in sample DB2, and the associated higher cooling rates. Again, time for coalescence is limited and thus rigidity is slowed down. The volume fraction of solid at rigidity determined in the present work agrees with previous studies on coalescence [2] and hot tearing [3, 23] in aluminium alloys. The dependence with solidification time is also in accordance with the industrial observation that increasing casting speed increases drastically the risk of hot tearing [1] .
Advanced Materials Research Vols. 1120-1121 
Conclusion
Rigidity temperature has been determined in Al Zn 6.2 wt pct alloys using in situ X-ray diffraction during casting in a dog bone shaped mould. With a time resolution of 0.5 s, the evolution of the diffraction patterns reveals the presence at high solid volume fractions of small peaks that are explained by the formation of macroscopic strains and stresses that are relaxed by the nucleation of micropores and hot tears. At the grain level, this corresponds to a succession of agglomeration/decohesion between grain clusters. Rigidity temperature and solid volume fraction 
